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�FosB Mediates Epigenetic Desensitization of the c-fos Gene
After Chronic Amphetamine Exposure
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The molecular mechanisms underlying the transition from recreational drug use to chronic addiction remain poorly understood. One
molecule implicated in this process is �FosB, a transcription factor that accumulates in striatum after repeated drug exposure and
mediates sensitized behavioral responses to psychostimulants and other drugs of abuse. The downstream transcriptional mechanisms by
which �FosB regulates drug-induced behaviors are incompletely understood. We reported previously the chromatin remodeling mech-
anisms by which �FosB activates the expression of certain genes; however, the mechanisms underlying �FosB-mediated gene repression
remain unknown. Here, we identify c-fos, an immediate early gene rapidly induced in striatum after acute psychostimulant exposure, as
a novel downstream target that is repressed chronically by �FosB. We show that accumulation of �FosB in striatum after chronic
amphetamine treatment desensitizes c-fos mRNA induction to a subsequent drug dose. �FosB desensitizes c-fos expression by recruiting
histone deacetylase 1 (HDAC1) to the c-fos gene promoter, which, in turn, deacetylates surrounding histones and attenuates gene activity.
Accordingly, local knock-out of HDAC1 in striatum abolishes amphetamine-induced desensitization of the c-fos gene. In concert, chronic
amphetamine increases histone H3 methylation on the c-fos promoter, a chromatin modification also known to repress gene activity, as
well as expression levels of the H3 histone methyltransferase, KMT1A (lysine methyltransferase 1A, formerly SUV39H1). This study
reveals a novel epigenetic pathway through which �FosB mediates distinct transcriptional programs that may ultimately alter behavioral
plasticity to chronic amphetamine exposure.
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Introduction
Repeated use of psychostimulants such as amphetamine and co-
caine often results in a transition from recreational drug use to a
chronically addicted state (Hyman et al., 2006). One mechanism
implicated in this process involves the transcription factor
�FosB, a highly stable splice product of the immediate early gene
fosB, which dimerizes with Jun family proteins to form functional
AP-1 transcriptional complexes (McClung et al., 2004). �FosB
accumulates several-fold in striatum after repeated exposure to
drugs of abuse, and this accumulation has been linked to in-
creased cocaine reward, locomotor sensitization, and self-
administration (Kelz et al., 1999; Colby et al., 2003; McClung et
al., 2004), which together suggest a role in the neural mechanisms
involved in transitioning between recreational and addicted drug
use. According to this hypothesis, �FosB functions in a positive
feedback loop by increasing drug-seeking behaviors, which, in
turn, induce more �FosB. One key outstanding question is how
does �FosB mediate its effects on drug-related behaviors?
Genome-wide microarray studies in mice that overexpress

�FosB in striatum provided the first insight into potential down-
stream targets (McClung and Nestler, 2003). This study sug-
gested that �FosB can serve as a transcriptional activator or re-
pressor, depending on the target gene. However, the study
examined transcripts regulated in an overexpression setting, so it
is not clear which of these genes are direct, physiological �FosB
targets.

We recently identified the cyclin-dependent kinase 5 (cdk5)
gene as a direct target for endogenous �FosB, which promotes
Cdk5 transcription in striatum (Kumar et al., 2005). However,
the mechanisms involved in the repression of target genes by
�FosB have remained elusive. One attractive candidate is c-fos, a
gene that is induced dramatically by acute psychostimulants but
only weakly after repeated exposure (Hope et al., 1992; Persico et
al., 1993; Steiner and Gerfen, 1993), when levels of �FosB and
�FosB-containing AP-1 complexes are high (Hope et al., 1992,
1994). Because the c-fos gene contains an AP-1-like site in its
proximal promoter (Morgan and Curran, 1989), it is a plausible
candidate for �FosB-mediated repression. Induction of c-fos is
traditionally viewed as an early marker of neural activation be-
cause it is rapidly and transiently induced in response to a variety
of stimuli (Morgan and Curran, 1989). The c-fos gene is also
important for behavioral responses to cocaine, because mice
lacking c-fos in dopamine D1 receptor-containing neurons, the
neuronal cell type where �FosB is induced by psychostimulants
(McClung et al., 2004), have reduced behavioral sensitization to
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cocaine (Zhang et al., 2006). These findings led us to investigate
whether �FosB controls c-fos gene activity after chronic amphet-
amine exposure. We describe here a novel epigenetic mechanism
by which �FosB accumulation in response to chronic amphet-
amine feeds back to desensitize c-fos induction to subsequent
drug doses. This novel interplay between �FosB and chromatin
remodeling events on the c-fos promoter may be an important
homeostatic mechanism to regulate an animal’s sensitivity to re-
peated drug exposure.

Materials and Methods
RNA isolation and quantification. Frozen brain tissue was thawed in
TRIzol (Invitrogen) and processed according to the manufacturer’s pro-
tocol. RNA was purified with RNeasy Micro columns (Qiagen). Total
RNA was reverse-transcribed using Superscript III (Invitrogen). Real-
time PCR was then run using SYBR Green (ABI) and quantified using the
��Ct method. For a complete list of primers, see supplemental Table 1
(available at www.jneurosci.org as supplemental material).

Chromatin immunoprecipitation. Chromatin was sonicated and then
immunoprecipitated (supplemental Methods, available at www.
jneurosci.org as supplemental material) using acetylated histone anti-
bodies (Millipore), anti-histone deacetylase 1 (HDAC1) or anti-histone
H3 dimethylated at lysine 9 (H3K9me2) (Abcam), anti-FosB (C termi-
nus) (Kumar et al., 2005), anti-FosB (N terminus) (Santa Cruz Biotech-
nology), or a rabbit IgG control (Millipore). The immunoprecipitation
was collected using Protein A beads from Millipore. After washing, chro-
matin was eluted from the beads and reverse cross-linked in the presence
of proteinase K. DNA was then purified and quantified using real-time
PCR.

Immunoprecipitation. PC12 cells were transfected with V5-tagged
HDAC1 (Montgomery et al., 2007), FosB, or �FosB as described previ-
ously (Carle et al., 2007). Cell lysates were split and incubated with either
nonimmune IgG (Sigma) or anti-FosB antibodies (sc-48; Santa Cruz
Biotechnology) overnight at 4°C. Immunoprecipitation was performed
with Protein G beads (Sigma). The immunoprecipitated proteins were
run with SDS-PAGE and analyzed by Western blotting using a custom
polyclonal anti-FosB (N terminus) antibody (Carle et al., 2007) and
anti-V5 antibody (Abcam). To determine whether HDAC1 and �FosB
are binding partners in vivo, we used repeated electroconvulsive seizures
to induce high levels of �FosB protein (Hope et al., 1994). Cortical tissue
was dissected from chronic (seven, daily) seizure or sham-treated rats,
lysed, and immunoprecipitated as described above with anti-HDAC1
antibodies (Abcam).

Laser capture microdissection. Using stereotactic surgery, the ventral
striata of mice were infected with an adeno-associated virus (AAV) ex-
pressing the indicated gene or green fluorescent protein (GFP) on oppo-
site sides of the brain. After amphetamine treatment, frozen brains were
processed into 8-�m-thick coronal sections and mounted onto mem-
brane slides (Lieca). AAV-infected regions were laser-dissected (Leica) to
exclude noninfected cells and processed with the PicoPure RNA extrac-
tion kit (MDS). RNA was amplified with the RiboAmp HS kit (MDS) and
reverse-transcribed as described above. For complete details, see the sup-
plemental Methods (available at www.jneurosci.org as supplemental
material).

Results
�FosB desensitizes c-fos mRNA induction in striatum after
chronic amphetamine exposure
To explore whether the desensitization of c-fos mRNA expression
is a cellular adaptation controlled by �FosB, we treated rats with
saline or acute or chronic amphetamine and let them withdraw in
their home cage for 1–10 d. The rats were then analyzed 1 h after
a saline or amphetamine challenge dose. As demonstrated previ-
ously (see Introduction), c-fos mRNA was induced fourfold in
the striatum by acute amphetamine administration. In rats ex-
posed previously to chronic amphetamine, however, the expres-
sion of c-fos in response to drug challenge was significantly atten-

uated for up to 5 d of drug withdrawal (Fig. 1A), a point at which
�FosB remains elevated in this brain region (Hope et al., 1994).
Additionally, in rats that were withdrawn from chronic amphet-
amine for 5 d, we found that basal c-fos mRNA expression was
reduced below levels found in saline-treated controls (Fig. 1A).
Importantly, the magnitude of c-fos induction to an amphet-
amine challenge was significantly attenuated at day 1 of with-
drawal compared with saline-treated animals. Together, these
findings demonstrate an effect of chronic amphetamine on both
basal and induced c-fos mRNA levels, although with the two ef-
fects occurring with a complex time course.

To determine whether �FosB accumulation after chronic am-
phetamine directly contributes to the desensitization of c-fos ex-
pression, we first performed chromatin immunoprecipitation
(ChIP) for �FosB on the c-fos gene promoter in striatum. As
shown in Figure 1B, the c-fos promoter has significantly more
�FosB bound after chronic amphetamine exposure, an effect
seen for at least 5 d of drug withdrawal. These data correlate
�FosB occupancy on the c-fos promoter with the kinetics of re-
duced c-fos gene activity. Next, to directly test whether �FosB
causes reduced c-fos induction in response to amphetamine chal-
lenge, we used an AAV vector to overexpress either �FosB, or
GFP as a control, in the striatum. We then isolated the infected
striatum by laser microdissection (Fig. 1C) and performed quan-
titative reverse transcription (qRT)-PCR for c-fos mRNA. We
observed significantly less c-fos mRNA induced after an acute
dose of amphetamine in the striatal tissue infected with AAV-
�FosB compared with the contralateral side infected with AAV-
GFP, whereas levels of �-tubulin mRNA remained unchanged
(Fig. 1D). These data suggest that c-fos desensitization is medi-
ated by accumulation of �FosB on its promoter after chronic
amphetamine exposure.

�FosB recruits HDAC1 to the c-fos promoter to mediate c-fos
gene repression
To explore the mechanisms by which �FosB mediates c-fos de-
sensitization, we focused on the time point at which c-fos was
most significantly repressed: 5 d of withdrawal from chronic am-
phetamine. A key mechanism involved in c-fos activation in re-
sponse to a variety of stimuli, including cocaine (Kumar et al.,
2005), is histone acetylation. We were therefore interested to de-
termine whether histone acetylation on the c-fos gene promoter
was also induced by acute amphetamine and whether repeated
drug exposure attenuated this response. Indeed, acute amphet-
amine increased histone H4 acetylation on the c-fos promoter
and, after chronic amphetamine treatment, this induction was no
longer observed (Fig. 2A). Acetylation of H4 was specific, because
no effect was observed for H3 (data not shown). These data sug-
gest that reduced histone acetylation, associated with a more
compact and inactive chromatin structure (Kouzarides, 2007),
contributes to the desensitization of the c-fos gene after chronic
amphetamine exposure. To directly test this hypothesis, we
treated rats with chronic amphetamine and, after 5 d of with-
drawal, administered the HDAC inhibitor, sodium butyrate, or
its vehicle. We found that sodium butyrate reversed the
amphetamine-induced repression of c-fos expression (Fig. 2B),
directly supporting the idea that hypoacetylation of histones on
the c-fos promoter is a key mechanism underlying desensitization
of the gene.

To understand how �FosB inhibits histone acetylation on the
c-fos promoter, we investigated whether �FosB interacts with
enzymes that reduce histone acetylation, namely, HDACs. We
first explored HDAC1 and HDAC2 because these enzymes form
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complexes with a variety of transcription
factors to repress gene expression (Groz-
inger and Schreiber, 2002). Because pre-
liminary ChIP studies identified signifi-
cant HDAC1 binding on the c-fos
promoter (see below), but no detectable
HDAC2 (data not shown), we performed
coimmunoprecipitation experiments to
determine whether �FosB physically in-
teracts with HDAC1. Indeed, we found
that immunoprecipitation of �FosB also
pulled down HDAC1 in PC12 cells (Fig.
2D). Importantly, this interaction is spe-
cific for �FosB because full-length FosB,
which does not accumulate after chronic
psychostimulant administration (Hope et
al., 1994), did not interact with HDAC1.
We performed the reverse experiment in
vivo by inducing large amounts of �FosB
with electroconvulsive seizures. Consis-
tent with our cell culture data, immuno-
precipitation with an antibody against
HDAC1 pulled down �FosB from brain
tissue (Fig. 2E).

Based on these findings that �FosB and
HDAC1 physically interact in vitro and in
vivo, we hypothesized that, after chronic
amphetamine, �FosB recruits HDAC1 to
the c-fos gene promoter. Indeed, ChIP of
striatal lysates found significantly higher
levels of HDAC1 on the c-fos promoter af-
ter chronic amphetamine exposure (Fig.
2C), whereas amphetamine did not alter
HDAC1 binding to the �-actin gene pro-
moter. To directly determine whether
HDAC1 was sufficient to attenuate c-fos
induction, we transfected human embry-
onic kidney 293T cells with HDAC1 or
GFP and stimulated them with 5% serum
(supplemental Methods, available at www.
jneurosci.org as supplemental material).
We found that serum-induced c-fos ex-
pression was significantly blunted in cells
overexpressing HDAC1 (Fig. 2F). These
studies were extended in vivo by using
floxed HDAC1 mice infected with
AAV-GFP on one side of their striatum
and AAV-CreGFP to induce local knock-
out of the hdac1 gene in the contralateral
striatum. AAV-CreGFP reduced Hdac1
mRNA expression in the infected tissue
(isolated by laser microdissection) by
�75% compared with AAV-GFP injected controls, whereas
Hdac2 expression remained unchanged (Fig. 2G). Mice were then
treated with chronic amphetamine followed by drug withdrawal
for 5 d. The mice were analyzed 30 min after amphetamine
challenge and the infected striatal regions were microdissected.
We found that amphetamine induced significantly more c-fos
mRNA in striatal tissue infected with AAV-CreGFP compared
with AAV-GFP (Fig. 2G), demonstrating that HDAC1 is neces-
sary for chronic amphetamine-induced repression of c-fos ex-
pression. These data suggest that �FosB accumulation in rats
after chronic amphetamine treatment results in more �FosB

binding to the c-fos promoter, recruitment of HDAC1, less his-
tone acetylation, and ultimately less activity of the gene.

Histone methylation is elevated on the c-fos promoter after
chronic amphetamine exposure
Repression of gene activity often involves several epigenetic mod-
ifications that occur in parallel (Kouzarides, 2007; Tsankova et
al., 2007). One of the best-characterized histone modifications
associated with reduced gene activity is methylation of H3K9.
This histone modification, when found on promoter regions, is
associated with transcriptional repression by recruiting corepres-
sors such as HP1 (heterochromatin protein 1) (Kouzarides,
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Figure 1. �FosB desensitizes c-fos mRNA induction in striatum after chronic amphetamine exposure. A, Rats were treated
with saline, acute amphetamine (4 mg/kg), or chronic amphetamine (7 d), and allowed to withdraw for 1–10 d. Rats that received
chronic amphetamine received a challenge dose of either saline or amphetamine (4 mg/kg) and were analyzed 1 h later. The levels
of c-fos mRNA observed after an acute dose of amphetamine were significantly reduced in rats that were exposed previously to
chronic amphetamine and withdrawn from the drug for 1–5 d (ANOVA, significant effect of drug challenge, F(1,35) � 132.57, p �
0.0001; significant effect of withdrawal, F(5,35) � 9.24, p � 0.0001; Bonferroni post hoc, 1 d withdrawal vs acute, *p � 0.05, 3 d
withdrawal vs acute, **p � 0.01; 5 d withdrawal vs acute, ***p � 0.001; n � 3–5). Moreover, at 1 d of withdrawal, the fold
induction of c-fos versus acute was significantly blunted ( †p�0.05), with a strong trend at 3 and 5 d of withdrawal. In rats treated
with chronic amphetamine, after 5 d of withdrawal, there was a significant reduction in c-fos mRNA after a saline challenge
compared with drug-naive controls (**p � 0.01). B, ChIP of striatal lysates found significantly more �FosB bound to the c-fos
promoter after 1 and 5 d of withdrawal from chronic amphetamine (*p � 0.05, Student’s t test; n � 4 –5). C, Representative
image of mouse striatum from the laser capture microscope before (top) or after (bottom) dissection of the infected region. D,
Mice were given an acute dose of amphetamine and processed for laser capture microdissection. In striatum infected with
AAV-�FosB compared with that infected with AAV-GFP, there was a significant decrease in c-fos mRNA (**p � 0.01, Student’s t
test; n � 3). No change was observed in �-tubulin mRNA ( p � 0.05). Error bars indicate SEM.
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2007). We therefore analyzed whether hypoacetylation of the
c-fos gene, seen after chronic amphetamine administration, is
also associated with alterations in H3K9 methylation. Consistent
with this hypothesis, ChIP performed on striatal tissue from rats
treated with chronic amphetamine revealed that H3K9me2 was
significantly increased on the c-fos promoter (Fig. 3A), an effect

not observed on the �-actin gene pro-
moter. One of the key enzymes that me-
diates H3K9 methylation is KMT1A (ly-
sine methyltransferase 1A, formerly
SUV39H1), which raised the question of
whether the expression of this enzyme
was regulated by chronic amphetamine
exposure. We performed qRT-PCR on
the striatum of rats treated with chronic
amphetamine and observed a significant
upregulation of Kmt1a/Suv39h1 mRNA,
whereas the distinct chromatin modify-
ing enzyme, Hdac5, remained unaffected
(Fig. 3B). Unlike HDAC1, however, co-
immunoprecipitation experiments did
not reveal any detectable interaction be-
tween �FosB and KMT1A/SUV39H1,
nor were we able to identify significant
enrichment of the methyltransferase on
the c-fos promoter by ChIP (data not
shown). Regardless, these findings sug-
gest that upregulation of KMT1A/
SUV39H1 may hypermethylate H3 at
c-fos and contribute to the mechanisms
reducing c-fos gene activity after chronic
amphetamine exposure.

Discussion
This study identified c-fos as a novel down-
stream target gene of �FosB in the stria-
tum after chronic amphetamine adminis-
tration. We provide direct evidence that
endogenous �FosB binds to the c-fos pro-
moter in vivo, where �FosB recruits
HDAC1 to deacetylate surrounding his-
tones and reduce the transcriptional activ-
ity of the c-fos gene. Both pharmacological
inhibition of HDACs and the inducible
knock-out of HDAC1 were sufficient to al-
leviate c-fos desensitization and elevate
c-fos expression in the striatum of chronic
amphetamine-treated animals. We also
found concurrent increases in repressive
histone methylation at H3K9 on the c-fos
promoter, an adaptation associated with
amphetamine-induced upregulation of
the histone methyltransferase, KMT1A/
SUV39H1. Together, these findings pro-
vide fundamentally new insight into the
mechanisms by which �FosB represses the
activity of certain genes and illustrates a
novel interplay between two key pathways
that control behavioral responses to psy-
chostimulants: �FosB induction (Mc-
Clung et al., 2004) and chromatin remod-
eling (Tsankova et al., 2007). Our findings
show how these two pathways converge on
the c-fos promoter after chronic amphet-

amine exposure to alter activity of the gene.
We first observed desensitization of c-fos mRNA expression

after chronic cocaine treatment �15 years ago (Hope et al.,
1992), but little mechanistic insight has been available into how
such profoundly different transcriptional responses could occur
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Figure 2. Recruitment of HDAC1 mediates �FosB action on c-fos. A, ChIP of striatal lysates revealed a significant increase in
acetylated histone H4 on the promoter of c-fos 1 h after a challenge dose of amphetamine in drug-naive rats (ANOVA, significant
effect of drug, F(1,12) � 6.26, p � 0.05; Bonferroni post hoc, *p � 0.05; n � 5). This increase was not observed in rats exposed
previously to chronic amphetamine (Amph) ( p � 0.05). B, The HDAC inhibitor, sodium butyrate (400 mg/kg), reversed the
amphetamine-induced reduction in c-fos mRNA observed after 5 d of withdrawal (ANOVA, significant effect of butyrate, F(1,28) �
5.29, p � 0.05; Bonferroni post hoc, chronic amphetamine plus PBS vs chronic saline plus PBS, *p � 0.05, chronic amphetamine
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HDAC1 bound to the c-fos promoter (*p � 0.05, Student’s t test; n � 5– 6), but not the promoter of �-actin ( p � 0.05), after 5 d
of withdrawal from chronic amphetamine. D, HDAC1 was transfected into PC12 cells with either full-length FosB or �FosB. HDAC1
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c-fos expression in cells infected with AAV-CreGFP, where HDAC1 had been floxed out, than in cells expressing AAV-GFP after a 2
mg/kg amphetamine challenge (*p � 0.05; n � 2–3). Significantly less Hdac1 mRNA was observed in AAV-Cre-infected neurons
(***p � 0.001), whereas Hdac2 expression was unaffected ( p � 0.05). Error bars indicate SEM.
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between acute versus chronic drug expo-
sure. In our effort to understand down-
stream actions of �FosB, we revisited con-
trol of c-fos expression because of this
differential regulation between acute and
chronic psychostimulants exposure. Be-
cause �FosB is elevated several-fold after
chronic drug exposure, this differential in-
duction of c-fos mRNA, as well as an AP-
1-like site in the c-fos proximal promoter,
suggested a potential regulatory role for
�FosB. This also made the c-fos gene an
attractive candidate with which to study
the repressive effects of �FosB on gene ex-
pression (McClung and Nestler, 2003).

Chronic amphetamine attenuated c-fos
mRNA induction or its baseline levels in
striatum for �5 d of drug withdrawal, a
time course that is consistent with the sta-
bility of �FosB (Hope et al., 1994) and its
occupancy on the c-fos promoter. Al-
though �FosB can be detected after even
longer periods of withdrawal, it gradually
declines over time (Hope et al., 1994; Nye
et al., 1995) and may be insufficient to
maintain repression of the c-fos gene much beyond the 5 d time
point. Nevertheless, the time course of c-fos desensitization is
complex, with suppression of its fold-induction by an amphet-
amine challenge maximal at 1 d of withdrawal, but suppression of
its basal levels maximal at 5 d of withdrawal. Our ChIP data show
that �FosB is bound to the c-fos promoter at both time points,
suggesting that the differential activity of the c-fos gene observed
between 1 and 5 d of withdrawal may be caused by additional
transcriptional regulators recruited to the gene with a very com-
plicated time course. Additional studies are needed to under-
stand the detailed mechanisms involved.

The behavioral significance of �FosB-mediated c-fos desensi-
tization may be homeostatic, because mice that lack the c-fos gene
in dopamine D1 receptor-containing neurons show reduced be-
havioral responses to cocaine (Zhang et al., 2006). Moreover,
HDAC inhibitors, which block �FosB-mediated desensitization
of c-fos, increase an animal’s sensitivity to the behavioral effects of
cocaine (Kumar et al., 2005; Renthal et al., 2007). These findings
suggest that although the net effect of �FosB is to promote sen-
sitized behavioral responses to psychostimulants (Kelz et al.,
1999; Colby et al., 2003), it also initiates a novel transcriptional
program through c-fos desensitization to limit the magnitude of
these same behaviors. �FosB would, in effect, titrate behavioral
responses to psychostimulants through a complex series of
downstream transcriptional events, involving the induction or
repression of numerous target genes (McClung and Nestler,
2003), which, in addition to the gene encoding c-Fos as shown
here, also include the AMPA glutamate receptor subunit GluR2
(Kelz et al., 1999), the serine-threonine kinase Cdk5 (Bibb et al.,
2001), and the opioid peptide dynorphin (Zachariou et al., 2006),
among others (McClung and Nestler, 2003). Some of these genes
are activated by �FosB (where �FosB recruits transcriptional
coactivators) (Kumar et al., 2005), whereas others are repressed
by �FosB (where �FosB, as shown here, recruits transcriptional
corepressors). A major effort of future research is to identify the
factors that determine whether �FosB activates or represses a
target gene when it binds to the gene promoter.

Together, our findings identify a novel epigenetic mechanism

through which �FosB mediates part of its transcriptional effects
in the striatum after chronic amphetamine exposure. This study
also provides important new insight into the basic transcriptional
and epigenetic mechanisms in vivo involved in the desensitiza-
tion (i.e., tolerance) of a crucial gene for psychostimulant-
induced behavioral responses.
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